Purpose Berberine is a plant alkaloid that is widely used to treat gastrointestinal infections, diabetes, hypertension, and hypercholesterolemia. Many studies have reported interactions between berberine-containing products and cytochromes P450 (CYPs), but little is known about whether berberine alters CYP activities in humans, especially after repeated doses. Methods A two-phase randomized-crossover clinical study in healthy male subjects was performed. After 2 weeks of berberine (300 mg, t.i.d., p.o.) administration, midazolam, omeprazole, dextromethorphan, losartan, and caffeine were used to evaluate enzyme activities of CYP3A4, 2C19, 2D6, 2C9, and CYP1A2, respectively. Results A decrease in CYP2D6 activity was observed as the 0-8 h urinary dextromethorphan/dextrorphan increased ninefold (P < 0.01). In addition, losartan/E-3174 ratio doubled (P<0.01) after BBR administration, indicating a decrease in CYP2C9 activity. CYP3A4 activity was also inhibited, as the C max , AUC 0-∞ , and AUC 0-12 of midazolam were increased 38% (P<0.05), 40% (P<0.01), and 37% (P<0.05) after BBR treatment, respectively. Compared with the placebo period, the T max and T 1/2 of midazolam during BBR administration were prolonged from 3.03±0.27 to 3.66±0.37 h and 0.66±0.08 to 0.99±0.09 h, respectively; the oral clearance of midazolam was decreased 27% (P< 0.05); and the phenotypic indices of 1 h midazolam/1′-hydroxymidazolam increased 59% (P<0.01). There were no statistically significant differences in the pharmacokinetic parameters of the other probe drugs between placebo and the BBR-treated group. Conclusions Repeated administration of berberine (300 mg, t.i.d., p.o.) decreased CYP2D6, 2C9, and CYP3A4 activities. Drug-drug interactions should be considered when berberine is administered.
Introduction
Berberine is a major isoquinoline alkaloid in herbs such as goldenseal, berberis, and Coptis chinensis, and has been used for about 1,000 years to treat diarrhea. Presently, it is widely used in Oriental countries for diabetes, hypercholesterolemia, and other medical conditions [1] . Goldenseal, a main source of berberine, ranked as the sixth most commonly used herb supplement in the United States for children [2] . In renal-transplant recipients, berberine was reported to markedly elevate the blood concentration of cyclosporine A, a drug metabolized by CYP3A4 [3] . In human liver microsomes, berberine inhibited CYP2D6 (IC 50 =45 μM) and CYP3A4 (IC 50 ∼400 μM) activities, but a CYP metabolic-intermediate complex formation was not demonstrated for berberine [4] . In the current clinical study, berberine (300 mg, t.i.d., p.o.) was given to healthy male volunteers for 2 weeks, and the effect of repeated doses of berberine on the activity of major CYPs was quantified.
Methods
The experimental protocol was approved by the Ethics Committee of Central South University Xiangya School of Medicine, Hunan, China, and written informed consent was obtained prior to participation in this trial. This study was a two-phase, randomized, cross-over design with a 4-week washout period. Eighteen healthy Chinese male volunteers [(mean±SD) age, 21.6 ±1.5 years; weight, 61.35±3.89 kg] entered and 17 of them completed the study, as 1 volunteer quit because of a schedule conflict. All subjects were nonsmokers and determined to be healthy. All of the subjects were free of other medications, caffeine-and alcohol-containing products as well as grapefruit prior to and during the study. The subjects received orally either placebo or berberine capsules (Yunnan Baiyao Group Dali Pharmaceutical, Yunnan, China) at a dose of 300 mg three times daily (8 am, 4 pm, and 11 pm) for 14 days. Midazolam (Shanghai Roche, Shanghai, China; probe drug for CYP3A4) 2 mg, omeprazole (Northeast Pharmaceutical Group, Shenyang, China; probe drug for CYP2C19) 20 mg, dextromethorphan (the United Laboratories International Holding, Zhuhai, China; probe drug for CYP2D6) 30 mg, losartan (Merck, West Point, PN; probe drug for CYP2C19) 30 mg, and caffeine 93 mg (contained in a standard cup of coffee; probe drug for CYP1A2) [5] were administered before and at the end of each phase, as reported previously [6] . All probe drugs were given at 8:00 am. Meals were allowed 3 h after administration of the probe drugs.
A series of 10 ml venous blood samples were collected into heparinized tubes from the antecubital vein immediately before (0 min) and at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, and 12 h after probe drug administration. Urine samples of 0-4, 4-8, 8-12 h were collected in plastic jars. The total volume of the 0-8 h urine samples was determined. The harvested plasma and urine aliquots (10 ml) were stored at −40°C until analysis. The 12 h pharmacokinetics of omeprazole, midazolam, caffeine, and 0-8 h losartan/E-3174 as well as dextromethorphan/ dextrorphan urinary ratio were measured. Midazolam/1′-hydroxymidazolam ratio at 1 h, caffeine/paraxanthine ratio at 6 h, and omeprazole/5′-hydroxyomeprazole ratio at 4 h in plasma were used as extra phenotypic indices [6] [7] [8] for quantifying corresponding enzyme activity change. Blood and urine samples were prepared as previously reported [6] . The analytic strategies for midazolam, losartan, caffeine, omeprazole, and their metabolites were developed previously [9] [10] [11] [12] . The parameters were calculated as follows: AUC was calculated by the linear trapezoidal rule, and k e is the slope of the linear terminal part of the plasma concentration vs. time curve after semilogarithmic transformation. T 1/2 =0.693/k e and AUC (0-n) =AUC (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) +Cp (12 h ) /ke, where Cp (12 h ) is the plasma concentration at 12 h. Oral clearance CL/F=dose /AUC (0-t) (ng·h/ml). C max and T max were assigned by visual inspection. All data were analyzed by Wilcoxon signed-rank test with a P value of less than 0.05 considered significant.
Results
After 2 weeks of berberine (300 mg, t.i.d., p.o.) administration to healthy male volunteers, the major pharmacokinetic parameters of the probe drugs for CYP3A4, CYP1A2, CYP2C19, CYP2D6, and CYP2C9 were determined, as shown in Table 1 , and the individual data are presented in Fig. 1 . A decrease in CYP2D6 activity was observed as the 0-8 h urinary dextromethorphan/dextrorphan ratio increased ninefold (P < 0.01). In addition, losartan/E-3174 ratio doubled (P<0.01) after BBR administration, indicating a decrease in CYP2C9 activity. CYP3A4 activity was also inhibited, as the C max , AUC 0-∞ , and AUC 0-12 of midazolam were increased 38% (P<0.05), 40% (P<0.01), and 37% (P<0.05) after BBR treatment. Compared with the placebo period, the T max and T 1/2 of midazolam during BBR administration were prolonged from 3.03±0.27 to 3.66± 0.37 h and 0.66±0.08 to 0.99±0.09 h, respectively; the oral clearance of midazolam was decreased 27% (P<0.05); and the phenotypic indices of 1 h midazolam/1′-hydroxymidazolam increased 59% (P<0.01). There were no statistically significant differences in the pharmacokinetic parameters of the other probe drugs between placebo and the BBR-treated group.
Discussion
In this clinical study, a high-throughput method for evaluation of the five major human CYPs isoforms in vivo was used [6, 13] . Although a single-point assay has been recommended using a 4 h blood sample and an 8 h urine collection, 0-12 h blood samples as well as 0-8 h urine collections were analyzed to obtain the pharmacokinetics alteration in a period of time.
The individual variability was relatively large in the current study, which suggests that the inhibitory effects of berberine might be genotype-dependent. Further studies with genotypes for relevant CYPs might be helpful to clarify the results.
The 0-8 h urinary ratio of dextromethorphan to dextrorphan is a phenotyping marker for CYP2D6 activity [14] , and a dramatic increase in the ratio of parent drug to the metabolite indicates that enzyme activity decreases markedly. Our previous data showed that CYP2D6 plays a key role in the metabolism of berberine [18] . Therefore, the inhibitory effect of berberine on CYP2D6 activity may be caused by substrate competition. CYP2D6 has highly polymorphic enzyme activity which may result in a dramatic difference in the elimination of berberine for ultra-rapid metabolizers, extensive metabolizers, and poor metabolizers [15] , thus the risk of treatment failure, dose-dependent drug toxicity, and drug-drug interactions is of concern when berberine is administered. The 0-8 h urinary ratio of losartan to its metabolite E-3174 increased about twofold, which implied decreased CYP2C9 enzyme activity. Since the previous data showed that recombinant human CYP2C9 did not metabolize berberine, further study about berberine and CYP2C9 gene regulation may provide evidence to clarify this alteration.
CYP3A is important in metabolizing drugs both in liver and intestine. The inhibition of CYP3A4 activity by berberine was demonstrated by changes in midazolam pharmacokinetics. The T max of midazolam was prolonged somewhat after berberine administration, which might be caused by berberine slowing the motility of the digestive system [16] . Although CYP3A4 is a minor enzyme that metabolizes berberine in humans [18] , the mRNA expression was suppressed at higher doses of berberine as indicated in our previous study. According to the criteria established by the Food and Drug Administration in the industry guidance concerning in vivo drug interaction studies, when there is a bioequivalence, the geometric mean and the 90% CIs for AUC, oral clearance, and C max fall into the default no-effect boundaries of 80-125%. The observed changes for midazolam (90% CIs of geometric means for the ratio of berberine to control were either less than 80% or more than 125%) suggest a non-bioequivalence between the control and berberine treatment phases; moreover, these differences were statistically significant and might also be clinically important [17] . CYP1A2 is another major enzyme metabolizing berberine [18] . Although AUC 0-∞ and C max of caffeine did not fall into the bioequivalence criteria of 80-125%, which implies a difference between berberine and controls, the changes in caffeine pharmacokinetics were not statistically significant. This discrepancy might be due to the small sample size of the study. Further studies in larger populations and multiple dosage administrations will be helpful to confirm and expand Fig. 1 Mean plasma concentration-time profiles and the main pharmacokinetic parameters of midazolam, caffeine, omeprazole, dextromethorphan, and losartan after 2 weeks of placebo and berberine administration. Data are expressed as mean ± SE. Circles represent the placebo administration phase, and squares represent the berberine administration phase our results, which will guide the usage of berberine as a supplementary or protective prescription for people.
Conclusion
Inhibitory effects of berberine to CYP2D6, 3A4, and CYP2C9 were observed in the current study, and drug-drug interactions as well as interethnic variability in berberine metabolism need to be considered when berberine or berberine-containing products are administered.
